Abstract. As a special kind of spectrometers, echelle spectrometer features wide spectral range and full spectrum direct reading. However, the two-dimensional dispersion of the echelle grating usually leads to complex structure and aberration conditions, which impacts the resolution. In this work, a compact echelle spectrometer with wide detection range and high resolution was designed and implemented, considering both the optical component parameters and the instrument structure. The simulated and experimental results proved that wide spectral range (200-600nm), high resolution (better than 0.1nm) and compact structure (260*220*110mm) were achieved.
Introduction
With the development of modern science, miniaturization of spectral instruments with comparatively high performance is increasingly demanded in many fields, such as astronomy, aerospace, etc [1, 2] . For traditional spectrometers, the resolution and detection range could be improved by increasing the number of grating lines or lengthening the focal length of the optical system. However, confined by the manufacture technology, spectrometers can hardly achieve both the high resolution and the wide detection range in a compact structure. As a special kind of spectrometers, echelle spectrometer has demonstrated its potential in various measurement situations. Compared with conventional spectrometers, echelle spectrometer features high diffraction efficiency, broad waveband and full spectrum direct reading [3] . But the unique construction of two-dimensional dispersion gives rise to complex aberration (especially astigmatism) conditions, which may impact the resolution of the spectrometer.
Many researchers have presented diversified designs of echelle spectrometers for different applications. Barnard et al designed and evaluated an echelle grating optical system for inductively coupled plasma optical emission spectroscopy (ICP-OES) with the multichannel solid-state detector [4] . Ross et al developed an echelle spectrometer with solid-state image detector and active wavelength stabilization [5] . Florek et al reported a versatile echelle spectrometer relevant to laser induced plasma applications [6] . But few articles concern the miniaturization of the echelle spectrometer with high performance. In this work, we present a design and implementation of compact echelle spectrometer with wide detection range and high resolution. Simulation and experiment are also conducted to evaluate the performance of the spectrometer.
Theory

System Organization
The 3D schematic diagram of the designed echelle spectrometer is shown in Fig. 1 . Generally, an uncrossed Czerny-Turner structure is adopted. The collimating mirror and the focusing mirror are designed with the same radius and declination angle (opposite direction) to eliminate coma. The echelle grating works under the condition of quasi-Littrow configuration, which could provide high diffraction efficiency with an off-axis angle in the horizontal plane. A prism is utilized as the order separator after the echelle grating to distinguish the overlapping spectral lines. A reflecting mirror is set in the optical system to save the space without changing the focal length. The cylindrical lens is fixed before the imaging plane with specific position to correct the astigmatism. 
Parameter Design
The comprehensive dispersion angle could be separated in two orthogonal directions. In the vertical plane, the dispersion angle is introduced by the echelle grating. According the grating diffraction equation and the quasi-Littrow configuration [7] , the variation of the vertical dispersion angle could be figured out as 
where d is the groove spacing, the incident angle equals to the blaze angle θ 0 , m is the diffraction order, ω is the grating off-axis angle, and λ is the certain wavelength. In the horizontal plane, only the prism serves as the dispersion device. On the basis of the geometry of the prism and the Snell's Law [8] , the variation of the horizontal dispersion angle could be written as
(2) where A p is the apex angle of prism, i p is the ingoing incident angle on the first plane of the prism, n(λ) is the refractive index corresponding to a certain wavelength λ, β 0 is the refraction angle of the initial wavelength.
The image position of a certain wavelength then can be determined by the focal length and the dispersion angle. It should be noted that the diffraction angle of the echelle grating changes periodically along with the diffraction order. The smallest order corresponds to the widest free spectral region ∆λ w . Therefore, the focal length and relevant parameters of the system for a certain echelle grating and CCD image device should yield to the relationship min max
where H CCD and W CCD are respectively the width and the height of the CCD device, f is the focal length of the focusing mirror, λ wmin and λ wmax are the minimum and the maximum wavelength of the smallest order, λ min and λ max are the minimum and the maximum wavelength of the whole detection range. As a result, the compact system structure with relatively small focal length and strong dispersive power could be designed.
The resolution of the echelle spectrometer is mainly influenced the echelle grating. According to the principle of grating dispersion, the theoretical resolution of the echelle grating could be written as where W denotes the ruled width of the echelle grating, θ 0 is the blaze angle, ω is the off-axis angle of the grating. Since the echelle grating works in quasi-Littrow configuration with a large diffraction angle, high resolution could be got consequently.
Result and Discussion
Simulation
Based on the theory above, the echelle spectrometer was designed and simulated with ZEMAX software. The parameters of some important components of the system are shown in Table 1 . Further, other designed parameters are determined considering the compact structure and the aberrations as follows: the declination angle of the collimating mirror and the focusing mirror are set to 9°, which are of the opposite directions to eliminate coma; the off-axis angle of the echelle grating is set to 7°, which is helpful to save the space; the position of the cylindrical lens is optimized by the software to be 24.057mm from the center of the reflecting mirror to correct the astigmatism. Fig. 2 shows the simulated spot diagrams of three typical wavelengths of the mercury lamp, of which the RMS radius are estimated to be 12.9, 15.3 and 10.4µm respectively. 
Experiment
The practical echelle spectrometer was finally accomplished in a compact size of 260*220*110mm by steps. Firstly, the optical system was established with discrete components based on the theory in previous section. Most of the components are off-the-shelf products such as the echelle grating (GE2550-0863, Thorlabs), the cylindrical lens (LJ4878, Thorlabs) and the CCD device (CCD47-10, e2V), which would contribute to the cost reduction and the maintenance of the instrument. Secondly, the electrical system was developed independently, containing modules of signal pre-processing, timing sequence controller and communications. Fig. 3 shows the overall picture of the instrument with a side panel taken down. A standard mercury lamp was utilized to test the actual performance of the echelle spectrometer. The spectrogram after spectral reduction algorithm is demonstrated in Fig. 4 , in which the partial enlarged views of spectral lines 253.652nm, 435.833nm and 546.074nm are given. The full width at half maximum (FWHM) is calculated as the metrics of resolution. The FWHM is 0.06nm for 253.652nm, 0.07nm for 435.822nm and 0.08nm for 546.074nm. It also could be seen that the wavelength detection range of the spectrometer is slightly wider than 200-600nm. 
Summary
In this work, an effective design and implementation of a compact echelle spectrometer with high resolution and wide detection range was present. To prove the feasibility of the theory, optical simulation using ZEMAX software was conducted with optimally designed parameters. The spectrometer was then developed practically with optical and electrical system. The result of the experiment shows that FWHM better than 0.01nm of a standard mercury lamp could be achieved by the spectrometer. In addition, the wavelength detection range was tested to be wider than 200-600nm with a compact size of 260*220*110mm. In the next step, the emphasis will be put on the improvement of the sensitivity of the echelle spectrometer.
